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•  C03O4  with  different  morphologies 
are  synthesized  via  a  simple  sol¬ 
vothermal  method. 

•  The  influences  of  solvent  and  prob¬ 
able  growth  mechanism  are 
discussed. 

•  The  electrode  exhibits  high  perfor¬ 
mance  and  good  stability  for  H202 
reduction. 
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ABSTRACT 


Hydrogen  peroxide  (H2O2)  replaced  oxygen  (O2)  as  oxidant  has  been  widely  investigated  due  to  its  faster 
reduction  kinetics,  easier  storage  and  handling  than  gaseous  oxygen.  The  main  challenge  of  using  H202  as 
oxidant  is  the  chemical  decomposition.  In  this  article,  by  using  different  C2H50H/H20  volume  ratio  as  the 
solvent,  C03O4  with  different  morphologies  (nanosheet,  nanowire,  ultrafine  nanowire  net,  nanobelts,  and 
honeycomb-like)  direct  growth  on  Ni  foam  are  synthesized  via  a  simple  solvothermal  method  for  the 
first  time.  Results  show  that  the  introduction  of  ethanol  could  obviously  improve  the  catalytic  perfor¬ 
mance  toward  H2O2  electroreduction.  The  sample  prepared  in  the  solution  with  the  C2H5OH/H2O  volume 
ratio  of  1:2  shows  the  best  catalytic  performance  among  the  five  samples  and  a  current  density  of 
0.214  A  cm-2  is  observed  in  3.0  mol  L_1  KOH  +  0.5  mol  L-1  H202  at  -0.4  V  (vs.  Ag/AgCl  KC1),  which  is 
much  larger  than  that  on  the  other  metal  oxides  reported  previously,  almost  comparable  with  the 
precious  metals.  This  electrode  of  Co304  directly  grown  on  Ni  foam  has  superior  mass  transport  property, 
which  combining  with  its  low-cost  and  facile  preparation,  make  it  a  promising  electrode  for  fuel  cell 
using  H2O2  as  the  oxidant. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  due  to  its  faster  reduction  kinetics,  easier  storage  and 
handling  than  gaseous  oxygen,  hydrogen  peroxide  (H202)  replaced 
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oxygen  (02)  as  oxidant  has  been  widely  investigated  in  several 
types  of  low-temperature  fuel  cell,  such  as  direct  methanol- 
hydrogen  peroxide  fuel  cell  (DMPFC)  [1,2],  direct  hydrogen 
peroxide-hydrogen  peroxide  fuel  cell  (DPPFC)  [3,4],  direct 
borohydride-hydrogen  peroxide  fuel  cell  [5,6  ,  and  metal-hydrogen 
peroxide  fuel  cell  [7,8].  However,  the  main  issue  of  using  H202  as 
oxidant  is  the  chemical  decomposition  result  in  the  formation  of  02 
bubbles,  which  not  only  reduces  the  utilization  efficiency  of  H202 
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but  also  increases  the  difficulty  of  the  battery  design.  Nowadays, 
nano-materials  have  attracted  much  attention  due  to  their  unique 
physical  and  chemistry  properties  [9-13  .  Therefore,  studies  on  the 
controlled  fabrication  of  nanostructures  such  as  nanoparticles  [14], 
nanowires  [15],  and  nanosheets  [16]  with  functional  properties 
have  been  widely  developed  in  recent  years.  The  unique  properties 
of  nano-materials  in  facilitating  the  mass  transport,  ion  diffusion 
and  electron  transfer,  thus  dramatically  boosting  the  electro¬ 
chemical  performance  17,18],  suggests  that  the  main  challenge  of 
using  H2O2  as  oxidant  could  be  resolved  or  greatly  ameliorated. 

C03O4  is  an  important  material  for  electrochemical  energy 
storage,  sensors,  and  catalysis  [19-25].  For  example,  C03O4 
exhibited  promising  activity  and  stability  for  catalytic  electro¬ 
reduction  of  H2O2  in  alkaline  medium  [19].  Besides,  C03O4  is  also 
particularly  attractive  for  application  in  electrochemical  capacitors, 
due  to  its  low  cost,  low  environmental  footprint,  great  redox  ac¬ 
tivity  and  extremely  high  theoretical  specific  capacitance  ( ca . 
3560  F  g-1)  [20].  C03O4  has  also  been  reported  as  the  high- 
performance  anode  in  the  lithium  batteries  [25].  Currently, 
tremendous  efforts  have  been  devoted  to  the  rational  synthesis  of 
C03O4  nanostructure  direct  growth  on  substrate.  In  general,  self- 
supported  nano-materials  growing  directly  on  a  current¬ 
collecting  substrate  represent  an  amazing  architecture.  Such 
structures  have  been  demonstrated  to  usually  possess  larger  elec¬ 
trochemical  active  surface  area,  higher  utilization  efficiency  of  the 
active  materials,  and  superior  mass  transport  property  than  con¬ 
ventional  electrodes  fabricated  by  mixing  and  pressing  powder  of 
active  material  with  conducting  materials  (e.g.,  carbon  black)  and 
polymer  binders  (e.g.,  polytetrafluorethylene)  [26-29].  Li  and  co¬ 
workers  [30]  investigated  the  performance  of  Pt  and  Pt-Ru  nano¬ 
wire  array  electrodes  obtained  via  an  anodic  aluminum  oxide  (AAO) 
template  on  a  Ti/Si  substrate  as  the  anode  of  direct  methanol  fuel 
cell  and  found  that  these  electrodes  have  a  high  electrode  area  and 
the  surface  of  the  metals  is  nearly  one  hundred  percent  used  in 
contrast  to  the  traditional  gas  diffusion  electrode,  in  which  the 
utilization  of  the  surface  of  the  catalysts  is  usually  less  than  85%  due 
to  the  addition  of  carbon  and  polymer  binder.  Our  recent  study  [19] 
also  demonstrates  that  C03O4  nanowire  arrays  directly  grown  on  Ni 
foam  exhibited  higher  activity  and  stability  for  catalytic  electro¬ 
reduction  of  FI2O2  in  alkaline  medium  than  C03O4  nanoparticles. 
State  of  the  art,  Solid  template  and  structure-directing  agents  are 
commonly  used  to  fabricate  materials  with  hierarchical  structures 
[31-33].  Flowever,  some  problems  and  challenges  still  remain, 
since  that  complete  template  removal  is  needed,  which  means  a 
much  more  complicated  process  including  the  selection  of  appro¬ 
priate  solvent  or  calcination  at  elevated  temperature.  Furthermore, 
impurities  can  be  introduced  from  the  templates  or  agents  that 
affect  the  properties  adversely.  Compared  with  these  methods, 
hydrothermal/solvothermal  synthesis  is  an  effective  method  to 
prepare  novel  materials  under  mild  temperature  and  high  pressure 
in  sealed  apparatus.  Diverse  products  with  different  composition, 
structure  and  morphology  can  be  achieved  by  simply  adjusting  the 
hydro(solvo)-thermal  conditions  (including  solution  pH,  the  addi¬ 
tion  of  extra  reactants,  the  temperature  and  the  time  of  the  pro¬ 
cess).  More  importantly,  the  whole  process  is  economic,  facile  and 
environmentally  friendly  [34—36].  Zhu  et  al.  [37]  prepared  C03O4 
flowers  by  thermal  decomposition  of  Co(OH)2  which  are  obtained 
by  the  hydrolysis  of  cobalt  acetate  in  solvent  mixtures  containing 
the  polyalcohol  and  deionized  water.  Yu  et  al.  [38]  also  synthesized 
uniform  C03O4  crystals  with  different  shapes  through  tuning  the 
volume  ratio  of  a  mixed  solvent  composed  of  water  and  ethanol  (or 
glycerol).  Wang’s  group  [39]  designed  a  facile  and  versatile  water- 
controlled  precipitation  approach  for  preparation  of  various 
C03O4  nanostructures,  including  nanorods,  nanowires,  and  layered 
parallel  folding  nanostructures.  Zhao  and  co-author  [40]  illustrate 


the  successful  synthesis  of  tetragonal  dipyramid  C03O4  powders  via 
a  versatile  non-aqueous  reaction  system  using  benzyl  alcohol 
solvent. 

To  our  knowledge,  the  preparation  of  C03O4  nano-materials 
direct  growth  on  substrate  with  different  morphologies  through 
solvothermal  synthesis  has  rarely  been  reported.  Hereby,  we  report 
the  morphology-controlled  synthesis  of  Co304  nanostructure 
(nanowires,  nanosheets,  nanobelts,  nano-honeycomb  and  ultrafine 
nanowires  net)  supported  on  Ni  foam  substrate  via  a  solvothermal 
treatment  in  the  mixed  water-ethanol  solvent  system.  We  used 
solutions  with  different  ratios  of  ethanol  to  water  and  investigated 
the  effects  of  the  ethanol  fraction  in  solution.  The  changes  in  the 
size,  morphology  and  composition  of  the  product  as  a  function  of 
the  water/ethanol  fraction  were  examined.  The  possible  growth 
mechanism  was  also  discussed.  In  addition,  the  catalytic  activity  of 
these  C03O4  nanostructures  for  H2O2  electroreduction  in  alkaline 
medium  has  been  also  systematically  investigated.  Result  showed 
the  introduction  of  ethanol  could  obviously  improve  the  catalytic 
performance  toward  H2O2  electroreduction. 

2.  Experimental 

2.1.  Preparation  of  Co 3O4  nano -materials  with  different 
morphologies  supported  on  Ni  foam  substrate 

Ni  foam  supported  C03O4  nano-materials  were  prepared  via  a 
solvothermal  synthesis,  followed  by  a  calcination  process  in  air.  The 
Ni  foam  (23  x  40  x  1.1  mm3, 110  PPI,  320  g  m-2;  Changsha  Lyrun 
Material  Co.,  Ltd.  China)  was  pretreated  by  degreasing  with 
acetone,  etching  with  6.0  mol  dm-3  HC1  for  15  min,  rinsing  with 
water  and  prior  to  use.  In  a  typical  synthesis,  a  24  mL  solution 
consisting  of  4  mmol  Co(N03)2,  10  mmol  CO(NH2)2  and  C2H5OH/ 
H2O  mixtures  in  volume  ratio  of  1:0,  2:1, 1:1, 1:2  and  0:1  was  first 
stirred  for  15  min  in  air  at  the  room  temperature.  The  obtained 
homogeneous  solution  was  then  transferred  into  a  30  mL  Teflon- 
lined  stainless  steel  autoclave.  A  piece  of  Ni  foam  was  then  put 
into  the  autoclave  and  immersed  in  the  solution.  The  autoclave  was 
maintained  at  90  °C  for  10  h  to  allow  the  precursor  with  different 
morphologies  growth  on  Ni  foam.  After  that,  the  autoclave  was 
cooled  down  to  room  temperature  and  the  Ni  foam  was  removed 
from  the  growth  solution,  thoroughly  washed  with  water,  dried  at 
60  °C,  and  finally  calcined  at  300  °C  for  3  h  in  air. 

2.2.  Characterization  of  C03O4  nano-materials 

The  as-prepared  samples  morphology  was  characterized  by  a 
scanning  electron  microscope  (SEM,  JEOL  JSM-6480)  and  a  trans¬ 
mission  electron  microscope  (TEM,  FEI  Teccai  G2S-Twin,  Philips). 
The  structure  was  analyzed  using  an  X-ray  diffractometer  (Rigaku 
TTR  III)  with  Cu  I< a  radiation  (A  =  0.1514178  nm).  Chemical  bonding 
information  on  metal-oxygen  and  carbonate  were  investigated 
with  Fourier  transform  infrared  spectroscopy  (FTIR,  Equinos  55, 
Bruker)  using  the  potassium  bromide  pellet  technique.  Each  FTIR 
spectrum  was  collected  after  16  scans  with  a  resolution  of  0.5  cm-1. 
Thermogravimetric  (TG)  was  performed  with  a  Pyris-Diamond 
thermal  analyzer  (Perkin-Elmer)  in  a  flow  of  air  (40  cm3  min-1) 
at  a  heating  rate  of  20  °C  min-1  from  room  temperature  up  to 
600  °C  in  an  AI2O3  sample  pan. 

2.3.  Electrochemical  measurements 

The  as-prepared  C03O4  performance  of  the  H2O2  electro¬ 
chemical  reduction  was  measured  by  linear  scan  voltammetry 
(LSV)  and  chronoamperometry  (CA)  in  a  standard  three-electrode 
electrochemical  cell  with  an  Ag/AgCl,  KC1  electrode  reference 
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electrode  and  a  Pt  foil  counter  electrode  using  KOH  as  the  elec¬ 
trolyte  at  the  room  temperature  (25  ±  1  °C).  The  reported  current 
densities  were  calculated  using  the  geometrical  area  of  the  elec¬ 
trode  (1  cm2).  All  solutions  were  made  with  analytical  grade 
chemical  reagents  and  ultra-pure  water  (Milli-Q  18  MCI  cm).  All 
potentials  were  referred  to  the  saturated  Ag/AgCl,  KCl  electrode 
reference  electrode.  All  measurements  were  performed  at  room 
temperature  and  all  the  electrolytes  were  deoxygenated  by  N2 
bubbling. 

3.  Results  and  discussion 

3.1.  Characterization  of  the  as-prepared  samples  prepared  with 
different  C2H5OH/H2O  volume  ratios 

Fig.  1  shows  the  optical  image  of  the  growth  solution  with 
different  volume  ratios  of  C2H5OH/H2O  mixtures  and  the  Ni  foam¬ 
supporting  C03O4  nano-materials  at  different  preparation  stages.  As 
we  know,  the  Co2+  exists  in  the  form  of  [Co(H20)6]2+  in  an  aqueous 
solution.  H20  molecules  of  [Co(H20)6]2+  will  be  partly  replaced  by 
ethanol  molecules  when  introduced  ethanol  in  the  solution  mix¬ 
tures,  resulting  in  the  transformation  of  cobalt  complex  into 
[Co(H20)a(CH3CH20H)6-a]2+.  So  the  color  of  reaction  solutions 
turns  into  darker  along  with  the  increase  of  ethanol  volume.  The  Ni 
foam  was  first  cut  into  a  23  x  40  mm2  sheet,  cleaned,  polished 
(Fig.  la)  and  then  put  into  the  Teflon  reactor.  After  solvothermal 
treatment  in  the  mixed  water— ethanol  solvent,  the  surface  of  Ni 
foam  substrate  was  uniformly  covered  by  a  layer  of  products  with  a 
gradually  changing  color  (deep  pink-claybank-light  pink).  After 
calcination,  the  products  with  various  color  turned  to  a  black  color 
(Fig.  lg).  And  the  samples  prepared  using  different  C2H5OH/H2O 
volume  ratios  of  1:0, 2:1, 1:1, 1:2  and  0:1  were  denoted  as  El,  EW2, 
EW1,  WE2  and  Wl,  respectively. 

The  decomposition  TG  curves  of  the  precursor  (Fig.  2)  are  shown 
that  the  thermal  process  proceeds  via  three  stages  under  an  air 
atmosphere.  The  weight  loss  and  the  stage  temperature  were  listed 
in  Table  1.  At  the  first  stage,  the  weight  loss  can  be  attributed  to  the 
evaporation  of  water  physically  adsorbed  on  the  surface,  trapped  in 
intercrystalline  pores,  and  intercalated  in  the  interlayer  space  [41  ]. 
The  second  stage  might  correspond  to  the  decomposition  of  pre¬ 
cursor  [42,43].  The  last  weight  loss  can  be  ascribed  to  the  further 
decomposition  of  precursor  and  crystallization  of  C03O4.  It  can  also 
reveal  that  the  temperature  of  stage  II  increased  as  the  C2H5OH/H2O 
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Fig.  1.  Photographs  of  the  growth  solution  with  different  volume  ratio  of  C2H50H/H20 
mixtures;  Ni  foam  (a),  the  corresponding  precursor  of  different  morphologies  of  Co304 
nano-structures  on  Ni  foam  (b-f)  and  Co304/Ni  foam  after  calcinations  (g). 


Fig.  2.  Thermogravimetric  profiles  of  as-prepared  precursors  in  the  growth  solution 
with  different  C2H50H/H20  volume  ratios  (El,  EW2,  EW1,  WE2  and  Wl). 

volume  ratio  decreased.  Thus  it  can  be  inferred  that  the  C2FI5OFI/ 
H2O  volume  ratio  influences  the  composition  of  the  precursor. 

Fig.  3  shows  the  XRD  patterns  of  as-prepared  C03O4  in  the 
growth  solution  with  different  C2H5OFI/FI2O  volume  ratio  (El,  EW2, 
EW1,  WE2  and  Wl)  before  (a)  and  after  (b)  annealing,  respectively, 
and  the  standard  date  of  spinel-phased  Co304  crystal  (JCPDS  NO. 
43-1003).  As  shown,  all  the  samples  before  the  annealing  are 
different  and  weak  crystal.  Taken  the  sample  El  as  an  example,  the 
peak  appeared  at  12.8°  could  be  assigned  to  Co(OOCCH3)2-4H20 
(JCPDS  NO.  29-0465),  indicating  that  ethanol  is  oxidated  in  the 
solvothermal  process,  and  further  reacts  with  Co2+.  The  peak  of  Wl 
could  be  due  to  the  Co(C03)o.5(OH)0.11H20  (JCPDS  NO.  48-0083). 
For  the  as-prepared  samples  with  different  C2FI5OFI/FI2O  volume 
ratios  (EW2,  EW1  and  WE2),  the  precursors  are  actually  the  mix¬ 
tures  of  Co(OOCCFl3)2-4H20  and  xCoC03-yCo(OFQ2-zFl20.  Based  on 
the  above  TG  results,  we  subsequently  treat  this  as-synthesized 
product  at  300  °C  for  3  h  in  air.  Although  the  temperature  is  not 
high  enough  for  the  total  decomposition  of  precursors,  however, 
the  main  phase  of  the  samples  is  spinel  C03O4  phase  after  anneal¬ 
ing,  indicating  that  the  rest  of  precursor  is  quite  a  few  and  the 
crystal  planes  for  each  peak  is  marked.  Moreover,  it  can  also  be  seen 
from  Fig.  3  that  the  different  C2FI5OFI/FI2O  volume  ratios  just  in¬ 
fluence  the  composition  of  crystal  phase  in  the  precursors,  and  all 
the  different  precursors  can  finally  turn  into  the  spinel  C03O4  phase 
after  annealing. 

The  FTIR  spectra  of  the  as-prepared  samples  are  presented  in 
Fig.  4.  Two  wide  bands  were  registered  for  C03O4  sample,  one  in  the 
region  550-575  cm-1  (Al)  and  another  in  the  interval  650- 
675  cm'1  (A2).  In  general,  the  first  one  is  attributed  to  the  stretching 
vibration  of  Co3+— O  bond,  where  Co3+  is  in  an  octahedral  position 
and  the  second  one  is  the  stretching  vibration  of  Co2+-0  bond 
(Co2+  in  a  tetrahedral  position)  [44].  Compared  with  the  sample 


Table  1 

The  weight  loss  and  the  stage  temperature  of  the  precursor. 


Sample 

Stage  I 

Stage  II 

Stage  III 

El 

0-206  °C 

207-235  °C 

236-600  °C 

4.5%  loss 

25%  loss 

5.8%  loss 

EW2 

0-200  °C 

201-250  °C 

251-600  °C 

11.6%  loss 

22.6%  loss 

7.0%  loss 

EW1 

0-210  °C 

211-260  °C 

261-600  °C 

7.1%  loss 

19.3%  loss 

4.4%  loss 

WE2 

0-222  °C 

223-262  °C 

263-600  °C 

11.2%  loss 

18.6%  loss 

5.1%  loss 

Wl 

0-230  °C 

231 — 277  °C 

278-600  °C 

10.7%  loss 

20.6%  loss 

7.7%  loss 
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Fig.  3.  XRD  patterns  of  as-prepared  Co304  nanostructures  in  the  growth  solution  with 
different  C2H5OH/H2O  volume  ratios  (El,  EW2,  EW1,  WE2  and  W1 )  before  (a)  and  after 
(b)  annealing  at  300  °C  for  3  h  in  air,  respectively. 

Wl,  these  peaks  in  the  other  four  samples  obtained  from  the  so¬ 
lution  containing  ethanol  shifted  to  high  wave  number,  suggesting 
a  decrease  in  the  strength  of  Co-0  bond  in  Co304. 

In  order  to  further  study  the  reaction  mechanism,  the  growth 
solutions  of  El  before  and  after  solvothermal  reaction  were  also 
investigated  by  FTIR  (Fig.  5).  As  it  shown,  the  broad  band  at  around 
3500-3300  cm-1  before  solvothermal  reaction  splits  into  two 
peaks,  which  can  be  ascribed  to  the  vibration  of —OH  and  — NH  form 
CH3CH2OH  and  CO(NH2)2  [45-47].  As  for  the  solution  before  sol¬ 
vothermal  reaction,  there  are  three  small  bands  at  2980,  2792  and 
2729  cm-1  originated  from  the  asymmetric  and  symmetric 


Wavenumber  /  cm 


Fig.  4.  FT-IR  spectra  of  as-prepared  Co304  nanostructures  in  the  growth  solution  with 
different  C2H50H/H20  volume  ratios. 


Fig.  5.  FT-IR  spectra  of  the  El  growth  solution  before  and  after  solvothermal  reaction. 

stretching  bands  of-CH2—  and  — CH3— ,  however,  not  obvious  in  the 
solution  after  reaction  [45,46].  The  peaks  at  1708  and  1457  cm-1  is 
due  to  the  mode  of  the  -NO3  stretching  vibration  [48].  The  evi¬ 
dence  for  the  presence  of  CO3-  is  confirmed  by  its  fingerprint  peaks 
of  D3h  symmetry  at  1070  and  729  cm-1.  The  band  shown  at 
2476  cnrT1  is  also  ascribed  to  vibrational  mode  of  the  carbonate 
anions  [49,50  .  The  1635  and  1384  cm-1  bands  appeared  in  both 
before  and  after  solvothermal  growth  solution  are  characteristic  of 
stretching  vibration  of  the  —  C=0  and  -N— C=0,  respectively 
[47,51-53].  However,  after  the  solvothermal  reaction,  the  relative 
strength  of  —  C=0  increases,  implying  that  the  amount  of  — COOH 
increases  in  the  growth  solution  after  reaction.  Based  on  the  anal¬ 
ysis  of  the  XRD,  the  FTIR  on  the  growth  solution  can  also  demon¬ 
strate  that,  besides  acting  as  solution,  the  ethanol  also  takes  part  in 
the  reaction  of  the  C03O4  product. 

The  C03O4  nano-materials  synthesized  in  the  growth  solution 
with  different  C2H5OH/H2O  volume  ratios  have  rather  different 
morphologies,  as  shown  in  Fig.  6.  It  can  be  seen  that  all  the  five 
samples  exhibit  relatively  uniform,  well-dispersed  morphology 
within  submicron  size  range,  yet  the  specific  sizes  and  morphol¬ 
ogies  of  the  samples  prepared  with  different  solvents  are  very 
different.  And  after  oxidative  conversion  into  C03O4,  the  basic 
morphology  of  the  sample  is  perfectly  conserved  without 
calcination-induced  significant  alterations.  The  C03O4  grown  from 
the  ethanol  solvent  without  water  (Fig.  6A  and  B)  exhibited  a 
nanosheet  micro-structure  with  the  thickness  of  100-200  nm.  The 
nanosheets  interconnected  with  each  other,  which  created  loose 
porous  nano-structures  with  abundant  open  space  and  electro¬ 
active  surface  sites.  When  the  mixture  of  C2H5OH/H2O  with  the 
volume  ratio  2:1  was  used  as  the  solvent,  the  SEM  image  of  as- 
prepared  nano-structure  displayed  the  belt-like  morphology.  Ac¬ 
cording  to  Fig.  6C  and  D,  nanobelts  attached  to  each  other  closely 
and  distributed  on  the  surface  of  Ni  foam.  Further  increasing  the 
water  volume  ratio  of  the  solvent  (1:1),  a  honeycomb-like  C03O4 
nanostructure  uniformly  covered  the  surface  of  Ni  foam  (Fig.  6E  and 
F).  For  the  sample  prepared  in  the  solvent  with  the  volume  ratio 
C2H5OH/H2O  of  1 :2,  an  ultra-fine  nanowire  net  (Fig.  6G  and  H)  was 
obtained.  For  the  sample  prepared  in  pure  deionized  water,  a 
nanowire  array  was  grown  on  the  Ni  foam  (Fig.  61  and  J).  It  is  worth 
to  note  that  all  the  morphologies  were  assembled  by  several 
nanowires  with  the  solvent  containing  water.  TEM  and  HRTEM 
images  of  the  as-prepared  C03O4  samples  before  and  after  calcined 
are  displayed  in  Fig.  7,  providing  an  insight  of  different  structures.  It 
can  be  obtained  that  calcination  resulted  in  obvious  changes  in  the 
morphology  of  an  individual  nanowire,  but  the  overall  array 
structure  was  still  maintained.  After  calcinations,  the  solid  nano¬ 
structure  was  converted  to  porous  structure,  which  is  composed  of 
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Fig.  6.  SEM  images  of  as-prepared  Co304  nanostructures  in  the  growth  solution  with  different  C2H50H/H20  volume  ratios:  El  before  (A)  and  after  (B)  calcined,  EW2  before  (C)  and 
after  (D)  calcined,  EW1  before  (E)  and  after  (F)  calcined,  WE2  before  (G)  and  after  (H)  calcined  and  W1  before  (I)  and  after  (J)  calcined.  Inset  is  the  high-magnified  SEM  images  of  the 
as-prepared  samples. 
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Fig.  7.  TEM  and  HRTEM  images  of  as-prepared  Co304  nanostructures  in  the  growth  solution  with  different  C2H50H/H20  volume  ratios:  El  before  (A)  and  after  (B)  calcined  and 
HRTEM  images  (C),  EW2  before  (D)  and  after  (E)  calcined  and  HRTEM  images  (F),  EW1  before  (G)  and  after  (H)  calcined  and  HRTEM  images  (I),  WE2  before  (J)  and  after  (K)  calcined 
and  HRTEM  images  (L)  and  W1  before  (M)  and  after  (N)  calcined  and  HRTEM  images  (0). 
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interconnected  nanoparticles.  TEM  images  of  the  sample  El  (Fig.  7  A 
and  B)  confirm  its  assembly  as  a  sheet-like  structure.  Unlike  sample 
El,  the  belt-like  structure  of  sample  EW2  is  assembled  by  several 
nanowires  and  the  diameter  is  about  100  nm.  For  the  sample  EW1, 
we  can  see  that  the  sample  has  a  T-end  structure,  which  is 
composed  of  a  nanowire  in  the  bottom  and  a  sheet  in  the  top.  For 
the  sample  WE2  and  Wl,  they  were  all  the  nanowire-like,  but  the 
diameter  of  WE2  is  much  thin  than  that  of  Wl.  High-resolution  TEM 
(HRTEM)  images  of  the  head  in  Fig.  7C,  F,  I,  L  and  0  demonstrate  the 
clear  lattice  fringes  and  the  distance  (0.47  nm)  agrees  well  with  the 
(111)  crystal  plane  of  Co304  (JCPDS  NO.  43-1003,  dm  =  0.47  nm). 
That  also  confirmed  that  the  as-prepared  samples  growth  in 
different  solvent  were  pure  spinel  C03O4  phase. 

3.2.  Growth  mechanism 

Based  on  the  above  analysis,  C03O4  nano-size  crystals  with 
different  morphologies  can  be  obtained  through  a  simple  sol¬ 
vothermal  method.  Generally  speaking,  during  the  synthesis  pro¬ 
cess,  the  solvent  influences  the  size  and  structure  of  the  final 
products,  as  demonstrated  in  Scheme  1.  At  first,  numerous  tiny 
precursor  crystalline  nuclei  appear  on  the  Ni  foam  and  then  the 
crystal  growth  follows.  The  major  reactions  occurred  at  this  stage  in 
aqueous  solution  are  most  investigated  as  following  [54,55]: 

CO(NH2)2  +  4H20  -►  H2C03  +  2NH3  •  H20  ( 1 ) 

NH3-H20  — NHJ +  OH“  (2) 

H2C03  — >  2H+  +  CO3-  (3) 


(x+y)Co2+  +yCO\-  +xOH“ 

+  zH20— >xCo(OH)2  J/C0CO3  zH20  (4) 

However,  when  the  ethanol  was  used  as  solvent,  on  the  basis  of 
the  result  above  (TG,  XRD  and  FTIR),  there  are  another  reaction 
happened: 

CH3CH2OH  +  02  ^CH3COOH  +  H20  (5) 

2CH3COOH  +  Co2+  ->  (CH3COO)2Co  +  2H+  (6) 

So  the  precursor  is  a  mixture  of  (CH3COO)2Co  and  xCoC03_ 
•yCo(OH)2  zH20,  and  the  solvent  ratio  directly  influences  the 
composition  of  precursor.  With  the  reaction  proceeding,  these  tiny 
nuclei  gradually  grow  larger.  The  different  nanostructures  of  C03O4 
were  mainly  determined  by  this  stage.  Since  solvent  ratio  is  the 
only  difference  during  the  synthesis,  it  should  be  the  key  factor  for 
the  different  sizes  and  morphologies.  As  we  know,  the  polarity 
between  water  and  ethanol  is  different.  So,  the  polarity  of  solvents 
influences  not  only  the  nucleation  of  the  precursor  but  also  the 
preferential  direction  of  crystal  growth.  Ayudhya  [56]  reported  that 
solvents  with  lower  polarity  helped  to  cultivate  rods  with  high 
aspect  ratios  for  ZnO  prepared  in  a  solvothermal  conditions.  Our 
findings  on  the  effects  of  solvent  polarity  are  similar  to  that  re¬ 
ported.  With  the  H20  volume  increased,  the  morphology  tends  to 
rod-like,  on  the  contrary,  the  morphology  turns  into  flake-like.  The 
competition  effect  between  ethanol  and  water  relation  leads  to  the 
obvious  change  in  the  morphology  and  size.  In  a  word,  the  growth 
solution  containing  different  ethanol/water  ratios  is  the  funda¬ 
mental  reason  of  the  formation  of  C03O4  with  different  nano- 
s- 


El  EW2  EW1  WE2  Wl 


Scheme  1.  Schematic  diagram  showing  the  mechanism  for  the  formation  of  different  nanostructures  C03O4. 
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tructure.  By  the  way,  other  factors  in  the  preparation  process,  such 
as  vapor  pressure  and  solubility  of  the  precursors  in  the  solvent, 
need  further  studies. 

3.3.  Electrocatalytic  performance  of  H2O2  electroreduction  on  the 
samples  prepared  in  the  solvent  with  different  C2H5OH/H2O  volume 
ratios 

Fig.  8  shows  the  cyclic  voltammograms  (CV)  of  the  different 
C03O4  samples  prepared  with  the  solvent  containing  different 
C2H5OH/H2O  volume  ratios  in  3.0  mol  L_1  KOH.  The  CV  of  pristine 
Ni  foam  is  also  shown  for  comparison.  It  can  been  seen  that  Ni  foam 
only  showed  a  pair  of  redox  peaks  which  is  corresponding  to  the 
interconversion  between  Ni(II)  and  Ni(III)  (Eq.  (7))  [57].  CV  mea¬ 
surement  of  the  as-prepared  samples  displayed  the  characteristic 
response  of  C03O4  in  an  alkaline  solution.  The  anodic  peaks  were 
caused  by  the  conversion  of  Co(II)/Co(III)  (Eq.  (8))  and  further  oxi¬ 
dated  to  Co  (IV)  (Eq.  (9)).  In  the  reverse  sweep,  the  cathodic  peaks 
belonged  to  the  reduction  of  Co(IV)/Co(III),  then  to  Co(II),  as  well  as 
the  reaction  of  Ni(III)/Ni(II)  [58,59]. 

Ni(OH)2  +  OH-  NiOOH  +  H20  +  e“  (7) 

C03O4  +  OFT  +  H20<=>3CoOOH  +  e"  (8) 

CoOOH  +  OH“  ^Co02  +  H20  +  e“  (9) 

Fig.  9  shows  the  influence  of  catalytic  activity  of  the  as-prepared 
C03O4  nanostructures  prepared  by  different  C2El50H/H20  volume 
ratios  for  EI202  electroreduction  in  3.0  mol  L-1  KOFI  +  0.5  mol  IT1 
H202.  In  order  to  better  evaluate  the  catalytic  performance  of  the 
as-prepared  samples,  we  compared  the  current  density  of  FI202 
reduction  at  unit  mass  on  the  five  samples.  As  shown,  the  open 
circuit  potential  (OCP)  of  the  five  samples  are  closed  to  -0.15  V.  In 
our  previous  work  [60],  we  found  that  the  OCP  of  FI202  in  acidic  or 
alkaline  electrolyte  is  actually  a  mixed  potential  of  H202  electro¬ 
reduction  and  electrooxidation  simultaneously  occurring  at  elec¬ 
trode  surfaces  and  it  is  more  close  to  the  equilibrium  potential  of 
H202  electrooxidation  rather  than  electroreduction.  The  introduc¬ 
tion  of  ethanol  as  solvent  obviously  increased  the  catalytic  perfor¬ 
mance.  The  sample  of  WE2  shows  the  best  catalytic  performance 
among  the  five  samples,  which  is  due  to  the  ultra-fine  C03O4 
nanowire  net  structure,  enabling  the  fully  exposure  of  active  sites  of 
catalyst  to  the  electrolyte  and  providing  a  short  diffusion  path  for 
both  electrons  and  ions,  thus  leading  to  faster  kinetics,  lower 
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Fig.  8.  Cyclic  voltammograms  of  as-prepared  Co304  nanostructures  in  the  growth 
solution  with  different  C2H50H/H20  volume  ratios  (El,  EW2,  EW1,  WE2  and  Wl)  in 
3.0  mol  L-1  KOH.  Scan  rate:  50  mV  s_1. 


Fig.  9.  The  comparison  of  the  as-prepared  C03O4  nanostructures  in  the  growth  solu¬ 
tion  with  different  C2H50H/H20  volume  ratios  (El,  EW2,  EW1,  WE2  and  Wl)  for  H202 
reduction  in  3.0  mol  L  1  KOH  +  0.5  mol  L_1  H202.  Scan  rate:  10  mV  s-1. 

overpotential  and  higher  electrocatalytic  reactivity.  So  we  have 
chosen  WE2  for  a  systematic  study. 

The  dependence  of  H202  concentration  for  H202  electro¬ 
reduction  on  the  WE2  sample  was  shown  in  Fig.  10.  The  KOH 
concentration  was  kept  at  3.0  mol  L-1  with  the  various  H202  con¬ 
centrations  from  0.0  mol  L-1  to  0.6  mol  L-1.  In  order  to  eliminate 
the  influence  of  the  substrate,  the  Ni  foam  was  also  investigated  in 
3.0  mol  L  1  KOH  +  0.5  mol  L_1  H202.  As  seen,  the  background  signal 
caused  by  the  Ni  foam  was  almost  none,  indicating  that  the  catalytic 
performance  was  caused  by  the  Co304  grown  on  Ni  foam  substrate. 
The  ultra-fine  C03O4  nanowire  net  exhibited  an  exciting  catalytic 
performance  for  H202  electroreduction.  It  can  be  seen  from  Fig.  10 
that  there  has  no  obvious  reduction  current  on  the  as-prepared 
C03O4  electrode  without  H202.  After  injection  of  H202  into  the  so¬ 
lution,  the  C03O4  electrode  responds  quickly  and  H202  electro¬ 
reduction  reached  to  diffusion  control  when  the  H202 
concentration  is  lower  than  0.4  mol  L_1.  The  peak  current  density 
could  reach  to  60  mA  cm-2  in  the  solution  of  3.0  mol  L-1 
KOH+0.1  mol  L-1  H202,  and  increased  to  256  mA  cm-2  with  the 
increase  of  H202  concentration  from  0.1  mol  L-1  to  0.4  mol  L-1.  So  it 
is  believed  that  the  reduction  current  results  from  H202  electro¬ 
reduction.  High  concentration  of  H202  did  not  improve  the  activity 
of  H202  electroreduction  at  the  as-formed  C03O4  electrode.  In 
contrast,  a  further  increase  in  the  H202  concentration  resulted  in  a 
decrease  of  current  density,  and  gas  bubbles  were  formed  on  the 


Fig.  10.  The  effect  of  H202  concentration  for  H202  reduction  on  the  as-prepared  Co304 
using  C2H50H/H20  volume  ratio  1:2  (WE2)  in  3.0  mol  L”1  KOH  +  x  mol  L-1  H202 
(. x  =  0.0-0.6).  Scan  rate:  10  mV  s-1. 
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Fig.  11.  Chronoamperometric  curves  for  H202  reduction  on  the  as-prepared  Co304 
using  C2H50H/H20  volume  ratio  1:2  (WE2)  at  different  potentials  in  3.0  mol  L_1 
KOH  +  0.5  mol  L-1  H202. 

electrode  surface  by  H2O2  hydrolysis,  which  blocked  the  H2O2 
diffusion  leading  to  the  decrease  in  current  density. 

The  electrochemical  stability  of  ultra-fine  C03O4  nanowire  net  is 
measured  by  chronoamperometry  (Fig.  11).  The  reduction  currents 
reached  a  steady-state  quickly  after  the  potential  was  applied  and 
slightly  decreased  within  the  test  period  at  the  three  different 
potentials  (-0.2  and  -0.3  V),  indicating  that  the  ultra-fine  C03O4 
nanowire  net  electrode  has  a  good  stability  for  catalyzing  H2O2 
electro  reduction.  However,  at  -0.4  V,  the  current  decreases  from 
0.246  to  0.214  A  cnrr2  and  the  current  fluctuation  range  also  be¬ 
comes  wider,  which  may  be  that  the  high  potentials  produce  even 
higher  current  densities,  however,  the  hydrolysis  of  H2O2  becomes 
significant  and  the  formation  of  oxygen  gas  bubbles  on  the  elec¬ 
trode  surface  clearly  occurred.  The  current  density  after  1200  s 
reaction  at  -0.2,  -0.3  and  -0.4  V  were  0.045,  0.133  and 
0.214  A  cm-2,  respectively. 

The  comparison  of  H2O2  catalytic  performance  on  ultra-fine 
C03O4  nanowire  net  and  other  representative  nanomaterials  re¬ 
ported  previously  [19,58,61-64]  were  shown  in  Table  2.  As  shown 
in  the  result,  our  ultra-fine  C03O4  nanowire  net  displays  excellent 
performance  for  H2O2  reduction  than  other  metal  oxides  reported 
previously,  almost  comparable  with  the  precious  metals.  These 
outstanding  properties  should  be  attributed  to  their  structure  and 
morphology  that  offer  the  following  benefits:  (1)  the  C03O4  direct 
growth  on  the  substrate  may  ensure  the  short  transport  path  for 
electrons,  leading  to  good  conductivity;  (2)  the  ultra-fine  nanowire 
may  also  increase  the  electrode  surface  area,  resulting  in  good  mass 
transport.  Due  to  the  good  electrons  and  ions  transport,  the  H2O2 


Table  2 

Comparison  of  H202  electroreduction  on  the  ultra-fine  Co304  nanowire  net  elec¬ 
trode  and  other  representative  nanomaterials  reported  previously. 


Electrode 

Performance3  (A  cm  2) 

Ref. 

C03O4  nanowire/ 

0.125  (3  mol  L-1  NaOH  +  0.5  mol  L-1  H202) 

[19] 

Ni  foam5 

C03O4  nanoparticle/ 

0.11  (3  mol  L-1  NaOH  +  0.6  mol  L-1  H202) 

[58] 

Ni  foamc 

Ag/Ni  foamb 

0.38  (3  mol  L  1  NaOH  +  0.5  mol  L  1  H202) 

[61] 

CuO  nanosheet / 

0.007  (3  mol  L”1  KOH  +  0.5  mol  L-1  H202) 

[62] 

Cu  foilb 

Pd— Co304/Ti  foilb 

0.14  (3  mol  L-1  KOH  +  0.5  mol  L'1  H202) 

[63] 

Fe-N-C/Ni  foamc 

0.07  (3  mol  L  1  KOH  +  0.6  mol  L  1  H202) 

[64] 

Ultra-fine  Co304 

0.29  (3  mol  L-1  KOH  +  0.5  mol  L”1  H202) 

This 

nanowire/Ni  foamb 

work 

a  The  current  density  of  CV  at  -0.4  V  (vs.  Ag/AgCl,  KC1). 
b  Nanomaterials  direct  growth  on  substrate. 
c  Nanopowder  coated  on  substrate. 


catalytic  performance  for  ultra-fine  C03O4  nanowire  net  are 
remarkably  improved. 

4.  Conclusions 

A  facile  synthesis  of  morphology-controlled  C03O4  nano¬ 
structures  through  the  solvothermal  synthesis  was  successfully 
demonstrated.  With  the  control  of  the  solvent  composition,  we 
have  obtained  five  different  nanostructures  (nanosheet,  nanowire, 
ultrafine  nanowire  net,  nanobelts,  and  nano-honeycombs).  The 
ethanol  introduced  in  the  synthesis  processes  plays  an  important 
role  on  the  crystal  size,  morphology,  as  well  as  their  catalytic  per¬ 
formance  for  H2O2  electroreduction.  The  sample  prepared  in  the 
2:1  C2H5OH/H2O  solvent  displays  an  ultra-fine  nanowire  net 
morphology,  which  possesses  an  open,  porous  nanostructure  with 
a  large  surface  area.  These  characteristics  of  C03O4  nanostructures 
make  it  facilitate  electrons/ions  transferring  and  enhance  the  cat¬ 
alytic  efficiency  when  used  as  an  electrode.  The  resulting  electrode 
shows  better  performance  for  H2O2  electroreduction  in  an  alkaline 
medium  in  terms  of  the  catalytic  activity  than  C03O4  nanowire 
array  electrode  prepared  in  the  pure  water  solvent.  In  the  solution 
of  3.0  mol  L-1  KOH  +  0.5  mol  L-1  H2O2,  the  current  density 
at  -0.4  V  could  maintained  at  0.214  A  cm-2  during  the  test  period. 
This  simple  solvothermal  method  has  a  great  potential  for  the 
preparation  of  morphology-controlled  C03O4  nanostructures  due  to 
its  facile  synthesis,  low  cost,  especially  high  performance  for  H202 
reduction. 
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